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For a couple of decades the chromatin field has endured undeserved neglect. Indeed, what could be so
exciting about a monotonous repeating structure whose purpose in life was to package DNA? Chromatin
glamour is triumphantly back, due to the realization that chromatin is a major player in the regulation of
gene expression and other nuclear processes that occur on the DNA template. The dynamics of the structure
that regulates transcription is itself regulated by a variety of complex processes, including histone postsyn-
thetic modifications, chromatin remodeling, and the use of nonallelic histone variants. This review is an at-
tempt to understand the mechanisms of action of the evolutionarily conserved variant H2A.Z, a player with
a variety of seemingly unrelated, even contrary, functions. This attempt was prompted by the recent ava-
lanche of genome-wide studies that provide insights that were unthinkable until very recently.Introduction
Eukaryotic cells organize their DNA as chromatin, a nucleopro-
tein complex consisting of DNA, histones, and non-histone pro-
teins (van Holde, 1988; Tsanev et al., 1992; Wolffe, 1998; Turner,
2001; Zlatanova and Leuba, 2004). The basic repeating unit of
chromatin is the nucleosome, a particle in which 146 bp of
DNA are wrapped in a left-handed superhelix around an octamer
of core histones, consisting of two molecules each of H2A, H2B,
H3, and H4 (Arents and Moudrianakis, 1993; Luger et al., 1997;
Harp et al., 2000). Nucleosomes are connected with linker
DNA, where linker histones and non-histone proteins bind. The
chromatin fiber appears as a beads-on-a-string, extended struc-
ture at low ionic strength and compacts at higher ionic strengths
to form the so-called 30 nm fiber. The wrapping of the DNA in the
nucleosome and the formation of higher-order chromatin struc-
tures restrict the access of cellular machinery to DNA. During
processes such as replication, transcription, repair, and recom-
bination, the structure of chromatin must be dynamically and
reversibly altered to provide access to the underlying DNA
template.
In order to regulate gene expression and other DNA-templated
cellular processes, cells exploit changes in histone-DNA and his-
tone-histone interactions within and between nucleosomes.
Such changes can occur through ATP-dependent chromatin
remodeling (Flaus and Owen-Hughes, 2004; Choudhary and
Varga-Weisz, 2007), by posttranslational modifications of his-
tones (Kouzarides, 2007; Bernstein et al., 2007), and/or by alter-
ing the biochemical composition of nucleosomes by replacing
canonical histones with nonallelic histone variants (Redon
et al., 2002; Henikoff and Ahmad, 2005; Kamakaka and Biggins,
2005; Kusch and Workman, 2007; Boulard et al., 2007). These
variants are synthesized throughout the cell cycle, in contrast
to the major histone subtypes, whose synthesis is coupled to
DNA replication in S phase. Since the nonallelic variants can
be incorporated in chromatin throughout the cell cycle, replacing
the S-phase histones, they are also known as replacement var-
iants. Two major H3 variants, the centromere-specific protein
CenH3 and H3.3, have been extensively studied. The number
of H2A variants is larger and include H2A.Z, H2A.X, H2A-Bbd,166 Structure 16, February 2008 ª2008 Elsevier Ltd All rights reservand macroH2A. The focus of this review will be on H2A.Z, the
highly evolutionarily conserved variant present in all eukaryotes
that has a large variety of biological functions. A general intro-
duction to the biochemistry and biology of H2A.Z will allow the
reader to put the recent avalanche of genome-wide data that
form the core of this review into perspective.
General Introduction to H2A.Z
The Biology and Function of H2A.Z
H2A.Z is highly conserved during evolution: it is found in organ-
isms as diverse as the malaria-causing protozoan parasite Plas-
modium falciparum, the yeast Saccharomyces cerevisiae, and
Homo sapiens, with sequence conservation of 90% (Iouzalen
et al., 1996). Its sequence identity to the major H2A is only
60%, which suggests unique and important functions for
H2A.Z (Thatcher and Gorovsky, 1994; Jackson and Gorovsky,
2000). Indeed, it is essential for viability in many organisms,
such as Tetrahymena thermophila (Liu et al., 1996), Drosophila
melanogaster (van Daal and Elgin, 1992; Clarkson et al., 1999),
Xenopus leavis (Iouzalen et al., 1996; Ridgway et al., 2004),
and Mus musculus (mouse) (Faast et al., 2001). Deletion of
H2A.Z in Xenopus perturbs gastrulation, leading to embryos
withmalformed, short trunks; overexpression slows down devel-
opment after gastrulation. No homozygous H2A.Z/mice could
be obtained; the mutant embryos failed at the stage of rapid pro-
liferation and differentiation. The evolutionary relatedness be-
tween the mouse and the human gives us reason to believe
that similar deleterious defects on embryonic development
may also be present in humans.
H2A.Z has been implicated in many diverse biological pro-
cesses, such as gene activation, chromosome segregation, het-
erochromatin silencing, and progression through the cell cycle
(Table 1). The involvement of H2A.Z in transcription regulation
and in maintaining chromosome stability and segregation may
be relevant to a recently recognized connection to oncogenesis.
Indeed, studies in cancer patients have reported significant
overexpression of H2A.Z in several major types of malignancies,
especially at the metastatic stage (Dunican et al., 2002; Rhodes
et al., 2004; Zucchi et al., 2004).ed
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protein seems to have evolved considerably, with different func-
tions described for different organisms. More detailed informa-
tion can be found in recent reviews (Dryhurst et al., 2004; Guil-
lemette and Gaudreau, 2006).
H2A.Z Structure and Postsynthetic Modifications
Figure 1A presents the primary sequences of yeast and human
H2A.Z, compared to the respective major H2A types; Figure 1B
depicts generalized secondary structures and highlights the seg-
ments of considerable divergence between H2A.Z and H2A.
Lysine residue acetylation is the best-studied postsynthetic
modification. Four acetylatable residues (K3, K8, K10, and
K14) have been identified in the N terminus of the yeast protein.
The preferred modification site in vivo is K14 (Millar et al., 2006).
Human H2A.Z contains five acetylatable lysine residues: K4, K7,
K11, K13, and K15 (Dryhurst et al., 2004). For more details on
acetylation and its role, see Table 1 and the section on transcrip-
tion. Recently, monoubiquitylation of H2A.Z has been reported in
mammalian cells, with ubiquitylation occurring at the C-terminal
lysines K120 and K121 (Sarcinella et al., 2007). The modified
H2A.Z is enriched on the inactive X chromosome in female cells,
indicating that the monoubiquitin mark may be specific for facul-
tative heterochromatin.
The H2A.Z-Containing Nucleosome
The overall structure of H2A.Z-containing nucleosomes is similar
to that of the canonical particle containing H2A (Suto et al.,
2000). The crystal structure revealed a difference in the H3/H4
docking domain (residues 81–119 in H2A) (Figure 1C). Specifi-
cally, the substitution of Glu104 in H2A toGly106 in H2A.Z results
in the loss of three hydrogen bonds, which is predicted to cause
a subtle destabilization in the H2A.Z/H3 interaction. Additionally,
His112 on the surface of the H2A.Z-containing histone octamer
binds a metal ion, providing a unique surface for protein interac-
tions. Although His112 is a conserved residue, there is no evi-
dence of metal binding in vivo; the affinity of such binding is
also unknown. H2A.Z/H2B dimers display an extended acidic
patch on the nucleosome surface; the patch may be important
for making contacts with the N-terminal tail of H4 from a neigh-
boring nucleosome or with non-histone protein factors. Finally,
the only interaction between the two H2A molecules within a nu-
cleosome may be different in the H2A.Z-containing particle from
that in the canonical nucleosome (Figure 1C). This interaction oc-
curs via loop 1-loop 1 contacts, holding the two gyres of the DNA
superhelix together.
Two issues of contention surround the question of the bio-
physical stability of the H2A.Z-containing nucleosome. The crys-
tallographic structure (1) suggested ‘‘subtle destabilization of the
interaction between the H2A.Z/H2B dimer and the H3/H4 tetra-
mer,’’ and (2) predicted that the coexistence of canonical H2A/
H2B and H2A.Z/H2B dimers within the same nucleosome is un-
likely to be due to differences in loop 1 structure (Suto et al.,
2000). As far as the ‘‘destabilization’’ effect is concerned, further
biochemical and biophysical studies presented highly controver-
sial results. In agreement with a destabilizing role of H2A.Z, it
was shown that nucleosome core particles (NCPs) reconstituted
with recombinant H2A.Z/H2B dimers exhibited ionic-strength-
dependent, reduced stability in the analytical ultracentrifuge
(Abbott et al., 2001). Zhang et al. (2005) analyzed chromatin fi-
bers isolated from yeast and also found reduced salt stabilityStrof particles containing H2A.Z. However, characterization of the
salt-dependent stability by Fluorescence Resonance Energy
Transfer (FRET) indicated that H2A.Z actually stabilizes the his-
tone octamer within the NCP (Park et al., 2004). This observation
supports earlier results from the laboratory of Jim Davie (Li et al.,
1993), who showed that H2A.Z eluted from hydroxyapatite-
adsorbed chromatin at much higher salt concentrations than
the canonical H2A/H2B dimer. Thambirajah et al. (2006) have
recently repeated and extended the experiments of Abbott et al.
(2001), and they have used native chicken erythrocyte H2A.Z
rather than the recombinant protein. They report a subtle stabi-
lization of the particle in a way that is dependent on core histone
acetylation. The H2A.Z/H2B dimer itself has reduced stability
when compared with H2A/H2B (Placek et al., 2005; Thambirajah
et al., 2006); the relevance of these observations to the overall
stability of the particle remains unclear.
As far as the existence of ‘‘hybrid’’ nucleosomes that carry
both H2A.Z and H2A is concerned, the earlier prediction from
the crystal structure did not materialize. Luger’s lab has now
demonstrated that H2A.Z can form hybrid nucleosomes with
major H2A (Chakravarthy et al., 2004). The existence of hybrid
nucleosomes may generate another level of structural and func-
tional heterogeneity in chromatin; it should be noted, however,
that there is no evidence for the presence of such hybrid nucle-
osomes in vivo.
Finally, a very interesting and potentially important observa-
tion has been reported by Flaus et al. (2004). Isolated nucleo-
somes have the propensity to slide along DNA in a spontaneous,
thermally driven process (Beard, 1978; van Holde and Yager,
1985; Meersseman et al., 1992), in the absence of chromatin re-
modelers. Flaus et al. (2004) observed that incorporation of
H2A.Z into nucleosomes increased their thermal mobility. The
higher mobility of H2A.Z-containing particles may explain the
high dependence of cells on SWI/SNF when H2A.Z is deleted
(Santisteban et al., 2000). Evidently, the ability of nucleosomes
to move around, thus providing protein factors access to their
DNA-binding sites, is so crucial that the cell possesses redun-
dant mechanisms to ensure nucleosome mobility. H2A.Z and
chromatin remodelers may be part of this sliding mechanism
(also see the section on stereotypic chromatin architecture
over euchromatic gene promoters and Figure 4C).
A related observation concerns the effect of H2A.Z on nucleo-
some positioning on defined DNA fragments. In a ‘‘sliding as-
say,’’ reconstituted nucleosomes were incubated at 30C, allow-
ing them to reach equilibrium occupancy of several preferred
positions on the DNA (Li et al., 2005). A careful inspection of
the native polyacrylamide gels, used to resolve the mixture of
differently positioned nucleosomes, reveals that canonical nu-
cleosomes and H2A.Z-containing nucleosomes share only one
nucleosome position (with the histone octamer occupying the
center of the DNA fragment); the other (actually major) positions
differ between the two particles. We (A.T. and J.Z.) have similar
unpublished observations. Fan et al. (2002) used a different po-
sitioning sequence to find that H2A.Z redistributes nucleosomes
in the already available position space. We believe that the effect
of H2A.Z on nucleosome positioning may be functionally impor-
tant: replacement of H2A with H2A.Z in specific nucleosomes
(see below) may result in the sliding of nucleosomes to different
positions.ucture 16, February 2008 ª2008 Elsevier Ltd All rights reserved 167
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Species Name of Z Variant
Major Characteristic Features
of H2A.Z/Modifications Biological Function
S. cerevisiae Htz1p Primary structure comparisons between
H2A.Z and H2A are presented in
Figure 1A. Acetylated at lysine residues
by NuA4 (Keogh et al., 2006; Babiarz
et al., 2006) and by Gcn5 (Millar et al.,
2006)
Activates transcription in conjunction
with remodelers (Santisteban et al.,
2000). Required for repression of 100
euchromatic genes (Meneghini et al.,
2003). Prevents spreading of silent
chromatin (Meneghini et al., 2003;
Zhang et al., 2004); unacetylatable
mutants are enriched at
heterochromatin boundaries but cannot
block heterochromatin spreading
(Babiarz et al., 2006). Role in genomic
stability and DNA repair (Krogan et al.,
2004; Mizuguchi et al., 2004). Mutants in
acetylatable K14 have defects in
chromosome transmission (Keogh
et al., 2006); unacetylatable mutants are
synthetically lethal with unacetylatable
mutants in H4 (Babiarz et al., 2006)
Trypanosoma H2A.Z Possesses a unique N-terminal
extension (Lowell et al., 2005)
Essential gene. Dimerizes with a novel
variant of H2B (H2BV) that shares only
38% identity with major H2B and is
also essential. Absent from sites of
active transcription (Lowell et al., 2005)
Tetrahymena Hv1 Charge neutralization of the N terminus
via acetylation of at least one of six
acetylatable lysines is critical for
function and is essential for viability (Ren
and Gorovsky, 2001, 2003).
Essential gene (Liu et al., 1996).
Spatially and temporally correlated with
transcriptional competence (Allis et al.,
1980; Stargell et al.,1993)
Arabidopsis Four distinct Z variants:
HTA4, -8, -9, -11
The Z variants are more closely related
to yeast and metazoan H2A.Z proteins
than to other plant H2As (Deal et al.,
2007).
Absent from centromeric and
pericentromeric repeats; present in
mitotic chromosomes. Required for
high-level expression of the
FLOWERING LOCUS C gene (Deal
et al., 2007)
C. elegans Htz-1/H2A.Z Highly homologous to the yeast and
human protein (Updike and Mango,
2006)
Synthetically lethal with pha-4, a gene
encoding a TF critical for foregut
development. Recruited to foregut
promoters at the time of transcriptional
onset (Updike and Mango, 2006)
Drosophila H2AvD A hybrid between H2A.Z and H2A.X:
contains the SQ(E/D)F motif of H2A.X.
The S residue of H2A.X becomes
phosphorylated after DNA damage.
Acetylated by the Tip60 complex (the
analog of yeast NuA4) (Kusch et al.,
2004)
Essential for Drosophila development
(van Daal and Elgin, 1992; Clarkson
et al., 1999). Nonrandom distribution on
polytene chromosomes; absent from
highly transcribed regions;
transcriptional activation reduces
occupancy (Leach et al., 2000).
Localizes to centromeric chromatin and
is required for heterochromatin
formation (Swaminathan et al., 2005).
Acetylation by Tip60 is required for
removal of phosphorylated H2AvD from
sites of DNA ds breaks (Kusch et al.,
2004)
Xenopus H2A.Z Polyadenylated mRNA whose synthesis
is uncoupled from that of DNA. mRNA is
mainly detected during oogenesis and
after the midblastula transition (Iouzalen
et al., 1996).
Essential for early development
(Iouzalen et al., 1996; Ridgway et al.,
2004). Key residues in the acidic patch
on the nucleosome surface determine
H2A.Z’s role in development (Ridgway
et al., 2004)
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Species Name of Z Variant
Major Characteristic Features
of H2A.Z/Modifications Biological Function
mouse H2Afz; H2Afv Acetylated (Pantazis and Bonner, 1981) Essential for early development (Faast
et al., 2001).Targeted to pericentric
heterochromatin during embryo cell
differentiation; interacts with pericentric
heterochromatin-binding protein
INCENP (Rangasamy et al., 2003, 2004).
Role in spermatogenesis (Greaves et al.,
2006). Contributes, together with
CENP-A and H3K4me2 residues, to the
unique structure of the centromere
(Greaves et al., 2007)
human H2A.Z; H2AF/Z Primary structure comparisons between
H2A.Z and H2A are presented in
Figure 1A. Two subvariants, up to three
acetylated residues (Boyne et al., 2006).
Monoubiquitylated (Sarcinella et al.,
2007)
Enriched in promoter regions both
upstream and downstream of
transcription start sites; binding levels
correlate with gene expression.
Enriched at insulators (with CTCF)
(Barski et al., 2007). Marks the fraction
of H2A.Z associated with gene
silencing/facultative heterochromatin
(Sarcinella et al., 2007)Effect of H2A.Z on Chromatin Fiber Structure:
In Vitro Studies
The possible effect of H2A.Z on chromatin-fiber structure has
been approached in several studies. Most experiments evalu-
ated the properties of regularly spaced nucleosomal arrays re-
constituted from tandemly repeated nucleosome-positioning se-
quences and histone octamers containing either canonical H2A
or H2A.Z. Sedimentation velocity experiments indicated that
H2A.Z facilitates the intramolecular folding of nucleosomal
arrays, while inhibiting the formation of highly condensed struc-
tures that result from intermolecular association (Fan et al.,
2002). Moreover, H2A.Z promotes chromatin-fiber folding medi-
ated by heterochromatin protein HP1a (Fan et al., 2004). The ex-
tended acidic patch of H2A.Z/H2B and the N-terminal tail of H4
are both required for folding. The in vivo relevance of these re-
sults is suggested by the colocalization of H2A.Z and HP1a at
pericentric heterochromatin during early mouse development
(Rangasamy et al., 2003).
H2A.Z Deposition Vehicles
Three laboratories independently discovered a protein com-
plex that can specifically exchange H2A for H2A.Z in yeast
chromatin (Krogan et al., 2003; Kobor et al., 2004; Mizuguchi
et al., 2004). This complex, SWR1, was named after its cata-
lytic subunit Swr1, which contains the ATPase/helicase domain
present in members of the Swi2/Snf2 chromatin-remodeling
family.
The SWR1 complex contains 11 or 12 additional proteins, in-
cluding histone H2A.Z, and catalyzes the exchange of H2A.Z in
chromatin reconstituted in vitro (Mizuguchi et al., 2004). The
Bdf1 subunit contains tandem bromodomains that specifically
bind the acetylated tails of histones H3 and H4. Both histone-
tail acetylation and Bdf1 are important for H2A.Z targeting and
deposition in promoter regions (see below). The subunit recog-
nizing H2A.Z is Swc2 (Wu et al., 2005). Importantly, the recogni-
tion involves the uniqueC-terminal region ofH2A.Z (see Figure 1),Swhich is required for H2A.Z function in Drosophila and Xenopus
development (Clarkson et al., 1999; Ridgway et al., 2004) and in
gene induction in yeast (Adam et al., 2001). The histone chaper-
one Nap1 was also among the proteins bound to H2A.Z in the
SWR1 complex; however, its precise role in H2A/H2A.Z ex-
change remains unclear, since, in vitro, the reaction proceeded
efficiently in the absence of Nap1 (Mizuguchi et al., 2004). On
the other hand, experiments with purified Nap1 demonstrated
its ability to exchange ‘‘regular’’ H2A/H2B dimers in reconsti-
tuted nucleosomes for dimers containing H2A.Z (Park et al.,
2005). Recently, Luk et al. (2007) identified a new yeast histone
chaperone, Chz1, specific for H2A.Z. Interestingly, H2A.Z/H2B
dimers were about equally distributed between Chz1 and
Nap1; other proteins, including FACT, substituted for Chz1 and
Nap1 in chz1Dnap1D strains. The authors also identified a highly
conserved sequence motif (CHZ) in Chz1 that specifically recog-
nizes H2A.Z/H2B.
For more detailed information on the composition of SWR1
from different species, the reader is referred to work by Guillem-
ette and Gaudreau (2006) and Raisner and Madhani (2006).
Genome-Wide Location Analysis of H2A.Z
In what follows we will focus on data obtained in recent years
through the use of genome-wide location analysis (GWLA). The
new methodology (see the Supplemental Data available with
this article online) has enormously expanded our capabilities
from analysis of individual gene systems to global analysis of ge-
nome and chromatin structure, thus providing insights unachiev-
able even a few years ago.
Genome-Wide Distribution of H2A.Z
Several groups have studied the genome-wide distribution of
H2A.Z, all in yeast (from here on, the yeast-specific protein des-
ignation Htz1 and the more general name of the variant, H2A.Z,
will be used interchangeably). The consensus is that H2A.Z is
associated with thousands of small genomic loci scatteredtructure 16, February 2008 ª2008 Elsevier Ltd All rights reserved 169
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ReviewFigure 1. Primary Structure of H2A.Z and Location of the Regions of Considerable Divergence from H2A in the Secondary Structure
and in the Nucleosome Core Particle Structure
(A) The amino acid sequences of H2A.Z (yeast versus human) and yeast H2A versus yeast H2A.Z are aligned (differences are presented in red).
(B) Schematic representation of the secondary structure of histone H2A, with the five a helices (blue rectangles). Brackets encompass the canonical histone fold
(helices 1, 2, and 3) and the docking domain; loops 1 and 2 are also marked. Pink ovals denote the location of the segments with considerable divergence from
H2A. Numbers refer to the amino acid residues encompassing the secondary structure elements on H2A.Z.
(C) Representation of a portion of the crystal structure of the nucleosome core particle containing, for clarity, only the nucleosomal DNA and the twomolecules of
H2A.Z. The major regions of divergence are circled in yellow and pink. The representation was created from existing crystal structure coordinates from NCBI’s
PDB (1F66) structure with the help of UCSF Chimera.throughout all yeast chromosomes (Guillemette et al., 2005;
Raisner et al., 2005; Zhang et al., 2005; Li et al., 2005; Millar
et al., 2006). This conclusion is in agreement with findings from
earlier immunocytological studies on Drosophila polytene chro-
mosomes (Leach et al., 2000). The pattern of H2A.Z enrichment
or depletion along a part of yeast Chromosome III is illustrated in
Figure 2A.
A striking feature of this punctate distribution is the significant
enrichment in promoter regions. As clearly seen in Figure 2A, (1)
there is a H2A.Z locus upstream of every ORF, (2) intergenic re-
gions that do not contain promoters (e.g., between convergent
genes) are not enriched in H2A.Z, and (3) intergenic regions be-
tween divergently transcribed genes contain two separable
H2A.Z loci. A very similar pattern was observed over a different
region of the same chromosome (Figure 1 in Raisner et al.,
2005). GWLA focusing exclusively on intergenic regions (Zanton
and Pugh, 2006) also revealed H2A.Z enrichment at promoter
versus non-promoter intergenic regions (Figure 2B; this figure
also illustrates the relationship between inactive and active pro-
moters, see below). Guillemette et al. (2005) estimated that
75% of all H2A.Z loci are within promoter regions of annotated
genes. However, not all promoters are decorated with H2A.Z:
a significant portion of promoters (37%) do not contain
H2A.Z loci (Guillemette et al., 2005).170 Structure 16, February 2008 ª2008 Elsevier Ltd All rights reserA similar number was reported by Raisner et al. (2005). These
authors centered the genes represented in their data set on the
nucleosome-free region (NFR) previously identified by genome-
wide analysis of yeast promoters (Yuan et al., 2005). The NFR is
a 150 bp region devoid of nucleosomes; it occurs at 200 bp
from the translation start site (ATG initiation codon) over rela-
tively conserved nucleotide sequences that include transcrip-
tion factor (TF)-binding sites and multiple stretches of poly(A)
or poly(T) (Yuan et al., 2005). RNA hybridization to the micro-
array revealed that 50 ends of transcripts coincided with NFR,
identifying these regions as transcription start sites (TSSs).
Raisner et al. (2005) identified a stunning profile in the chroma-
tin regions surrounding the NFR. As can be seen from their clus-
ter analysis presented in Figure 2C, for 2/3 of the genes NRF is
flanked by two nucleosomes that contain H2A.Z. The remainder
of the genes appear either to have H2A.Z present at only one nu-
cleosome or lack the variant altogether. The microarray data
were precisely recapitulated by qPCR analysis of a specific re-
gion of Chromosome III; the genes that lacked H2A.Z in their pro-
moters correspond to genes in the HMLa silent cassette, genes
near telomeres, a ‘‘dubious’’ ORF, and seven euchromatin genes
that may lie close to boundary elements (see below).
What determines the deposition of H2A.Z at these sites? The
H2A.Z-specific deposition vehicle SWR1 may be partly targetedved
StructureFigure 2. Genome-Wide Location
of H2A.Z
(A) Profile of H2A.Z location along a 40,000 bp
portion from yeast chromosome III (redrawn from
Guillemette et al., 2005, with the approval of
L. Gaudreau). The H2A.Z enrichment/depletion is
presented as raw H2A.Z/H2B log2 ratios or as
computationally smoothed profiles. The genes
occupying the region are presented by blue and
red arrows that denote the direction of trans-
cription; names are listed at the bottom of the
panel. The positions of the centers of the H2A.Z
loci are marked by vertical lines (for more details
and conclusions drawn from the profile, see the
text).
(B) H2A.Z and H3 occupancy levels at promoters
that are either quiescent (red) or constitutively ac-
tive (green) in yeast grown in rich media at 25C
(extracted from Figure 1C in Zanton and Pugh,
2006). ChIP data for intergenic regions located
upstream of a single gene (promoters) are shown
relative to nonpromoter regions. A schematic de-
fining promoter and nonpromoter regions is drawn
at the bottom of the panel.
(C) High-resolution mapping of H2A.Z nucleo-
somes in 2000 bp regions surrounding the nucleo-
some-free region in each promoter. The genes
represented in the H2A.Z microarray data were
aligned by their NFR to generate the clusters
shown in the figure. Each row represents a single
promoter region. Yellow represents a positive
relative enrichment for H2A.Z (over the median
enrichment); blue represents negative enrich-
ment (i.e., depletion) (see the scale bar for enrich-
ment values). This figure was reproduced from
Raisner et al. (2005), with permission from Cell
Press.
Reviewto the promoter regions by acetylated histone tails (Kobor et al.,
2004; Raisner et al., 2005; Zhang et al., 2005). A more specific
signal for H2A.Z deposition may be provided by the NFR nucle-
otide sequence itself. Raisner et al. (2005) created a series of
substitution mutant strains in which the promoter region of
a gene (SNT1) that contains two H2A.Z nucleosomes has been
replaced with heterologous sequences; the H2A.Z enrichments
were determined for each strain by ChIP-qPCR. The signal for
H2A.Z binding was a sequence containing the binding site for
TF Reb1, followed by an adjacent dT:dA tract. This gene-specific
sequence signature followed the pattern for the nearby NFR
identified earlier genome wide (Yuan et al., 2005). Furthermore,
Raisner et al. (2005) convincingly demonstrated that a 22 bp seg-
ment from theSNT1 promoter was sufficient to induce the forma-
tion of an NFRwhen introduced into a new location, in themiddle
of a coding region. Remarkably, the newNFRwas flanked by two
H2A.Z nucleosomes. Evidently, it is the NFR that induces H2A.Z
binding rather than the other way around, because htz1D strains
still contain natural and induced NFR. In addition, no transcrip-
tional activity is required for H2A.Z enrichment (Raisner et al.,
2005); thus, the authors suggest that H2A.Z specifically marks
promoter regions, independently of the transcriptional status of
the linked gene (but see the section on transcription below).
It should be noted that, despite the considerable attention to
promoter enrichment, the bodies of transcribed genes (ORF forStrPol II-transcribed genes, or Pol-I genes) also contain H2A.Z nu-
cleosomes (see Figure 2 in Li et al., 2005, Figures 1C and 1D in
Zhang et al., 2005, and Figure 2A in Millar et al., 2006). The pres-
ence of Z-containing nucleosomes in the body of genes is clearly
seen in the high-resolution, region-specific Z-localization maps
of Albert et al. (2007). The functional significance of these nucle-
osomes remains to be determined.
The Special Case of Telomeres
In 2000, Dhillon and Kamakaka (2000) showed that HTZ1 was
important for gene repression at the silent mating-type locus
HMR and at telomeres, suggesting that H2A.Z may be involved
in the structure of silent chromatin. Meneghini et al. (2003) ana-
lyzed the transcriptome in wild-type and htzD strains and dem-
onstrated that H2A.Z was affecting gene expression at these
loci by protecting them from the ectopic spread of heterochro-
matin. The genes that require H2A.Z for normal expression occur
within 35 kb of a telomere, i.e., they are adjacent to telomeric het-
erochromatin. These regions were termed histone H2A.Z-acti-
vated domains (HZADs); they showed a rather unusual H2A.Z
distribution in that they occupied much larger regions than the
two nucleosome-wide regions typical of promoters (Guillemette
et al., 2005). Meneghini et al. (2003) also reported that Htz1 binds
to both promoter and coding regions in selected HZADs.
Another interesting feature of HZADs is that all acetylatable
histone residues, except H3K56, are hyperacetylated over theucture 16, February 2008 ª2008 Elsevier Ltd All rights reserved 171
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transcription level; the promoters of HZAD genes are hypoacety-
lated at H3 sites (reviewed in Millar and Grunstein, 2006). SAS-
mediated H4K16 acetylation is required for H2A.Z deposition in
subtelomeric regions (Shia et al., 2006). The functional coordina-
tion between H2A.Z deposition at HZAD genes and histone
modifications, as well as the significance of the specific histone
signatures at these sites remain to be elucidated.
H2A.Z and Transcription
That H2A.Z plays a role in transcription has been initially sug-
gested on the basis of the observation that the Tetrahymena
hv1 is only present in the transcriptionally active macronucleus,
but not in the inactive micronucleus (Allis et al., 1980). Studies in
yeast have also indicated a role for H2A.Z in regulating transcrip-
tion (Santisteban et al., 2000; Adam et al., 2001; Larochelle and
Gaudreau, 2003; Farris et al., 2005), possibly in conjunction with
chromatin remodelers such as SAGA and Swi/Snf. In particular,
when genes were activated, their promoters were remodeled to
lose H2A.Z.
H2A.Z may also be involved in negative regulation of transcrip-
tion,especially inhighereukaryotes.Even inyeast,suchadualistic
effect has been reported by the Madhani group (Meneghini et al.,
2003). These authors interrogated the transcriptome in wild-type
and htz1D strains and identified 214 genes that were significantly
activated by H2A.Z, and another 107 genes that were repressed.
A repressive effect on stress-inducible genes under normal con-
ditions was also observed in Tsukyama’s lab (Lindstrom et al.,
2006). This work identified a three-way genetic interaction among
the chromatin remodeler Isw1, the NuA4 histone acetyltransfer-
ase complex, and Swr1, suggesting that yeast may utilize histone
modifications, histone variants, and ATP-dependent chromatin
remodeling in parallel to regulate transcription.
What did we learn about the role of H2A.Z in transcription reg-
ulation from GWLA data (in yeast)? Raisner et al. (2005) found no
correlation between the frequency at which genes are tran-
scribed and the amount of H2A.Z in their promoter regions.
This observation was further substantiated by the fact that the
H2A.Z-containing nucleosomes around TSS showed histone-
modification patterns that were not dependent on transcription
(Liu et al., 2005) (Figure 3). All other studies, however, reported
an inverse correlation between the promoter enrichment in
H2A.Z and transcriptional activity (Guillemette et al., 2005; Li
et al., 2005; Zhang et al., 2005; Millar et al., 2006), in accordance
with earlier observations on specific gene systems. In these ge-
nome-wide studies, geneswere binnedwith respect to their tran-
scriptional activity, measured by the number of transcripts per
hour (Holstege et al., 1998) under conditions of optimal growth.
Zanton and Pugh (2006) performed a cluster analysis of gene
promoters whose expression changes upon heat shock. In all
cases in which there was a significant expression change, an
inverse correlation with H2A.Z occupancy was observed. The
same inverse relationship was also seen when quiescent and
constitutively active promoters were compared in cells not
undergoing environmentally induced transcriptional changes
(Figure 2B). In some cases, this inverse correlation was also
found in coding regions (Li et al., 2005; Millar et al., 2006).
Thus, the majority of the genome-wide data in yeast are in ac-
cordance with biochemical and genetic studies on individual172 Structure 16, February 2008 ª2008 Elsevier Ltd All rights resergene systems, supporting an inverse relationship between
H2A.Z presence and transcriptional activity. The apparent dis-
crepancy between results from yeast laboratoriesmay be related
to the gene representation on the different array platforms used,
and to the way the data were presented. Thus, it is clear that sig-
nificant H2A.Z depletion occurs at transcription rates > 10–20
mRNA/hr (e.g., Guillemette et al., 2005). However, such genes
are rare in yeast and may not have been obvious in the Raisner
et al. (2005) scatter plots. A similar inverse correlation between
gene expression and H2A.Z abundance has been reported for
an individual (FLC) gene in Arabidopsis (Deal et al., 2007).
Another interesting fact came from genome-wide comparison
of the location of H2A.Z and H2A.ZK14ac (Millar et al., 2006).
Whereas H2A.Z showed the familiar preferential association
with promoters of repressed genes, its acetylated counterpart
was enriched in promoters of active genes. The authors argue
that since the majority of acetylation is seen at active pro-
moters—where nucleosomes are actively formed and disas-
sembled—H2A.Z deposition may be regulated by its acetylation.
A final stroke in the picture relating H2A.Z presence in pro-
moters to transcription came from a recent study that identified
H2A.Z as an element of epigenetic memory of recent transcrip-
tional activity (Brickner et al., 2007). Interestingly, H2A.Z was
found only in the promoter of recently repressed INO1 gene,
but not in the promoter of either the activated or the long-term
repressed gene. It was proposed that H2A.Z is recruited into
the recently repressed genes to promote their retention at the
nuclear periphery and, with that, their ability to be rapidly reacti-
vated. Thus, it seems that the participation of H2A.Z in transcrip-
tion regulation may occur via several distinct mechanisms.
It must be borne in mind that what is true of yeast may not
necessarily apply to higher organisms. The recent study from
the Zhao laboratory performed on human T cells reports an en-
richment of H2A.Z over promoter regions both upstream and
downstream of TSS, in a manner highly reminiscent of the yeast
situation (Barski et al., 2007). Contrary to yeast, though, the
H2A.Z-binding levels actually correlated, rather than anticorre-
lated, with transcription.
Stereotypic Chromatin Architecture over Euchromatic
Gene Promoters
In 2005, Rando’s group published an impressive, single nucleo-
some-resolution genome-wide analysis of 12 histone modifica-
tions in actively growing S. cerevisiae (Liu et al., 2005). They
found clear-cut modification patterns over 1400 bp regions cen-
tered around TSS and identified two groups of co-occurring
modifications: a group whose occurrence did not correlate
with transcription levels, and another one, whose patterns were
associated with transcription. We chose to reproduce here the
histone-modification data averaged over groups of genes with
different transcription levels: low, moderate, and high. Although
H2A.Z occupancy was not directly addressed in this study, the
combination of the modification data with the H2A.Z-occupany
data from Raisner et al. (2005) reveals a direct, and most fasci-
nating, link between H2A.Z presence in promoter regions and
histone modifications. As seen in Figure 3A, two nucleosomes
around TSS exhibit lack of acetylation at H4K8, H4K16, and
H2BK16 and lack of mono- and dimethylation at H3K4; these
modifications are not correlated with transcriptional activity.ved
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ReviewFigure 3. Representation of the
Stereotypic Chromatin Architecture
over Euchromatic Pol II-Transcribed
Genes
(A) Histone-modification patterns in relation to
transcription levels. Pol II genes were grouped
into three categories based on Pol II occupancy.
Each gene was assigned a transcription activity
value based on the average enrichment of Pol II
along the respective coding sequence; genes
were classified as highly transcribed, transcribed
at intermediate levels, or untranscribed. The tran-
scription level is indicated by red triangles to the
left of each set of three rows. Using mRNA abun-
dance rather than Pol II occupancy as a measure
of transcriptional activity gave qualitatively indis-
tinguishable results. The colors represent the av-
eraged data for the individual histone modifica-
tions over the three groups of genes aligned by
their TSS. PanAc refers to a nonspecific antibody
to acetyl-lysine, used to measure bulk acetylation.
Red marks enrichment; green marks depletion
(reproduced from Liu et al., 2005, with permis-
sion). The two nucleosomes flanking TSS contain
H2A.Z (Raisner et al., 2005).
(B) Schematic view of yeast chromatin architec-
ture over Pol II-transcribed genes (modified from
Liu et al., 2005). The distal and proximal nucleo-
somes surrounding TSS contain H2A.Z and are
depleted of specific histone modifications as
marked. The remaining modifications occur in
gradients from 50 to 30 over actively transcribed
genes. Nucleosomes are colored differently to
emphasize the distinct average modification pat-
terns at each location.
(C) Schematic of the distal and proximal H2A.Z-
containing nucleosomes at TATA box promoters,
denoting the prevalent positions of TF-binding
sites (purple arrows), the scattered TATA box (tex-
tured oval), and the TSS. The location of TSS pla-
ces the N-terminal tail of H3 just upstream of TSS,
thus providing the tail with immediate spatial ac-
cess to the site, with the possibility for regulation.
The schematic is modified from Figure 4E in Albert
et al. (2007).Remember, these two nucleosomes are the H2A.Z-containing
ones (Raisner et al., 2005) (Figure 2C). The pattern for H3K4 tri-
methylation over these two nucleosomes is different than those
for the mono- and dimethylation of the same lysine residue: the
proximal (to the gene) nucleosome is highly methylated, whereas
the distal nucleosome is split about equally between promoters
that are depleted in the modification and those that are enriched.
(The interested reader is referred to Figure S3 in Liu et al. [2005],
in which similar alignment with respect to the TSS is shown for
individual Pol II-driven genes, with stunning patterns.) What is
the relationship, if any, between these two promoter groups (de-
pleted or enriched in H3K4 trimethylation at the distal nucleo-
some) and the groups identified in Raisner et al. (2005) as having
only one H2A.Z-containing nucleosome or lacking H2A.Z alto-
gether? It will be important for the groups involved in these two
crucial studies to investigate these issues further so that a better
understanding of the functional significance of specific chroma-
tin architecture at promoters is gained.StrFigure 3B presents a schematic view of the chromatin archi-
tecture of an arbitrary yeast gene transcribed by Pol II. Finally,
Figure 3C depicts the average distribution of transcriptional
regulatory elements over the two H2A.Z-containing nucleo-
somes flanking the NFR (TSS). The schematic is based on
a study from Pugh’s laboratory that mapped the positions of
H2A.Z-containing nucleosomes across the yeast genome
(Albert et al., 2007). H2A.Z-containing core particles were ob-
tained by immunoprecipitation from MNase-digested chroma-
tin. DNA fragments from 322,000 particles were individually
pyrosequenced and mapped on the genome sequence. Most
of the nucleosomes were strictly positioned; some were very
‘‘fuzzy,’’ tending toward 3–4 predominant translational set-
tings. Finally, there was a third class of ‘‘very wide’’ nucleo-
somes in which the positions of the Watson strand did not
coincide with the positions on the Crick strand. The authors
argue that these wide nucleosomes may be MNase-related
artifacts.ucture 16, February 2008 ª2008 Elsevier Ltd All rights reserved 173
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of the distance from the nucleosome center, and they deter-
mined the positions of the TATA box and the TSS with respect
to the two H2A.Z-containing promoter nucleosomes. As illus-
trated in Figure 3C, the TATA boxes are rather scattered across
the downstream border of the distal nucleosome. Does the aver-
aged scatter of the TATA box position reflect imprecise mecha-
nisms to keep the TATA box outside the nucleosome (for exam-
ple, by repositioning, ‘‘sliding,’’ of the distal nucleosome along
the DNA sequence; such repositioning on individual nucleo-
somes will give rise to the ‘‘fuzziness’’ observed genome
wide)? Can it be that the increased inherent thermal mobility of
H2A.Z-containing nucleosomes along the DNA (Flaus et al.,
2004) is part of the repositioning mechanism? Is the need for
having mobile nucleosomes at these sites the reason for
H2A.Z incorporation? Are remodelers involved in this process
of keeping the TATA box clear of nucleosomes? These are far-
reaching questions that should be carefully considered and
approached experimentally.
The TF-binding sites seem to occupy positions near the edges
of the distal nucleosome, at places where the major groove of
nucleosomal DNA faces outward. This general rule seems to ap-
ply to both bound and unbound sites, which may mean that
many TF can find their cognate sites on nucleosome surfaces,
i.e., not only when the sites are in linker regions or NFR. It should
be noted that these data were all obtained on isolated core par-
ticles and do not answer the more general question of distribu-
tion of TF-binding sites in nucleosomes versus linker DNA. This
question was specifically addressed by Yuan et al. (2005), who
found that the functional (bound) TF-binding sites were predom-
inantly nucleosome free in vivo.
Finally, the TSSs were concentrated within 13 bp inside the
upstream border of the proximal nucleosome. The authors con-
nected this locationwith theproximity of theN terminusof histone
H3, whichmay be a factor in regulating transcription initiation. An
alternative explanation is plausible. The position of TSS at the nu-
cleosome border actually places it on the portion of nucleosomal
DNA that easily and frequently ‘‘breathes’’ (i.e., temporarily disso-
ciates from the histone octamer), thus providing a window of op-
portunity for TSS to be briefly exposed for interaction with pro-
teins (for a perspective on such spontaneous ‘‘excursions’’ of
nucleosomal DNA and their possible functional significance,
see van Holde and Zlatanova, 2006). It should be noted that the
inferred position of TSS covers only cases in which TSS falls
within nucleosomal DNA. The cases (we suspect the majority)
inwhichTSS is actually in theNFR (Yuanet al., 2005) are transpar-
ent in this study,whichonly focusesonDNAcontained inZmono-
nucleosomes, from which linker DNA has been removed.
Distinct Genomic Elements Possess Distinct
Patterns of H2A.Z-Containing Nucleosomes
Guillemette et al. (2005) reported the presence of H2A.Z loci over
genomic elements other than RNA polymerase II promoter re-
gions. These include transcribed sequences (tRNA, small nucle-
olar RNAs, rRNAs, Ty elements) and nontranscribed elements
(centromeres and replication origins). Nucleosome-resolution
landscapes for these elements were presented in Albert et al.
(2007). It is clear that the distribution of H2A.Z-containing nucle-
osomes is distinct for each genomic region: even the TATA-con-174 Structure 16, February 2008 ª2008 Elsevier Ltd All rights resertaining and TATA-less Pol II genes possess specific landscapes.
The functional significance of these distributions remains elusive
at this point; we believe that knowledge of the biophysical prop-
erties of H2A.Z-containing nucleosomes and their interactions
with protein factors will be crucial for understanding the signifi-
cance of these patterns.
Nucleosome ‘‘Hotness’’ and Its Relationship
to H2A.Z Content
Recently, Rando’s group have reported genome-wide studies on
the dynamics of replication-independent histone turnover in
yeast (Dion et al., 2007). They used yeast strains carrying two
H3 constructs: one ensured constitutive expression of Myc-
tagged H3, and the other one harbored an inducible FLAG-
tagged H3 construct. After crosslinking and MNase digestion to
mononucleosomes, Myc- and FLAG-tagged histones were sep-
arately immunoprecipitated. The amplified DNA was cohybri-
dized to high-resolution tile microarrays covering 4% of the
genome or to lower-resolution commercial microarrays covering
the entire genome, to yield a FLAG/Myc ratio for each nucleo-
some at each time point of induction. The time-course data
were then reduced through computation to a single turnover pa-
rameter (number of H3 replacement events per unit time) referred
to as the ‘‘hotness’’ (respectively ‘‘coldness’’) of nucleosomes.
Nucleosomes span a wide range of hotness; nucleosomes over
coding regions are coldest, and those in promoter regions are
generally hot. Notably, hot nucleosomes are highly enriched for
H2A.Z (Figure 4A); they are also depleted for those histone mod-
ifications that are characteristically absent from the distal and
proximal nucleosomes surrounding TSS (see Figure 3). Thus, as
the authors point out, erasure of histone modifications due to
rapid nucleosome turnoverwould result in the familiar stereotypic
steady-state chromatin signature of promoters, potentially ob-
scuring informative histone-modification events. Analysis of the
turnover rate over different genomic regions also reveals that
the two H2A.Z-bearing nucleosomes around TSS are among
the hottest (with the exception of only tRNA) (Figure 4B).
What is the nature of the correlation between nucleosome hot-
ness and the presence of H2A.Z? Probe-level distribution of all
H2A.Z-containing probes compared to all probes confirms that
the H2A.Z-containing nucleosomes have higher turnover rates
(Figure 4C). However, a look at the H2A.Z enrichment at pro-
moter probes (data from Guillemette et al., 2005) related to turn-
over rate (red line in Figure 4C) shows that, at steady state, the
hottest and the coldest promoters carry less H2A.Z than the nu-
cleosomes of intermediate hotness. The rather unexpected ob-
servation concerning the mild enrichment of H2A.Z over the hot-
test promoters was interpreted tomean that H2A.Z incorporation
lagged behind H3 incorporation during extremely rapid turnover.
In an attempt to assess whether H2A.Z is responsible for nucle-
osome turnover, Dion et al. (2007) measured turnover in htz1D
strains. They found that nucleosome hotness in the mutant
strains was overall well correlated with hotness in wild-type
yeast, concluding that H2A.Z is clearly not causal for all promoter
turnover (it must be noted, though, that there was a global de-
crease of turnover in themutant). In addition, rapid turnover often
occurs in H2A.Z-lacking nucleosomes adjacent to H2A.Z-con-
taining ones. This makes H2A.Z-recruited factors possible
players in local H3 (read nucleosome) turnover.ved
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H2A.Z
(A) Relationship between nucleosome ‘‘hotness’’
(turnover rate), presence of H2A.Z, and certain
histone modifications. Nucleosomes from G1-ar-
rested or asynchronous cultures are ordered by
turnover rate (red-to-green); H2A.Z levels and his-
tone-modification levels are presented as heat
maps; yellow denotes enrichment. Each column
represents an individual nucleosome. Note the
strong correspondence between hot and H2A.Z-
containing nucleosomes.
(B) Median turnover rates for distinct genomic an-
notations. The two H2A.Z-containing promoter
nucleosomes are colored in yellow; their turnover
rates are very high, superseded only by hotter nu-
cleosomes in tRNA gene regions.
(C) Probe-level distribution of nucleosomes (left-
hand y axis) according to their turnover rate (note
the logarithmic scale on x axis). Black line, all
probes in the data set; blue line, H2A.Z-containing
probes. Enrichment in H2A.Z (log2 Htz1/H2B from
Guillemette et al., 2005; right-hand y axis) in the
promoter probes + TSS versus nucleosome turn-
over rate. Note that the highest enrichment of
H2A.Z is in nucleosomes that turn over at interme-
diate rates. (A) is reproduced from Dion et al.
(2007) with permission from AAAS); (B and C) are
compiled from Figures S8 and S17 from the
same work).H2A.Z and Boundary Elements
The role of H2A.Z in protecting euchromatic genes near telo-
meres from heterochromatic spreading suggests that H2A.Z
may participate in the function of boundary elements in yeast.
An additional lead into such function comes from the fact that
many features of hot nucleosomes (which are enriched in
H2A.Z) are associated with boundary elements (references cited
in Dion et al., 2007). Dion et al. (2007) have hypothesized that the
rapid nucleosome turnover at boundary elements serves to
erase a spreading domain before it spreads any further (their
model can be seen in Figure S12). In higher eukaryotes, H2A.Z
has been found by conventional ChIP at insulators in the chicken
b-globin locus (Bruce et al., 2005).
Recently, Zhao’s laboratory has generated high-resolution ge-
nome-wide maps of 20 histone-methylation sites, as well as
H2A.Z, Pol II, and the insulator bindingproteinCTCF in the human
genome (Barski et al., 2007). CTCF is a Zn-finger protein that
binds insulator elements in vertebrates (Gaszner and Felsenfeld,
2006). The GWLA clearly indicates that insulator elements are in-
deed highly enriched in CTCF and possess distinct histone-
methylation patterns. The insulators are also very highly enriched
in H2A.Z. Recent studies in Drosophila have shown that bound-
aries of cis-regulatory domains are highly enriched in another his-
tone replacement variant, H3.3 (Mito et al., 2007). These authors
determined H3.3 levels relative to levels of canonical H3, thus
providing a genome-widemeasure of histone replacement under
steady-state conditions (in logarithmically growing cells in cul-
ture). Thus, by combining all available data, one may concludeStrthat boundary elements possess a highly specific chromatin sig-
nature. They are (1) relatively depleted of nucleosomes, a feature
conferring nuclease hypersensitivity and linked to the prevalent
presence of TF-binding sites, (2) characterized by nucleosomes
that turn over rapidly (‘‘hot’’ nucleosomes in the definition of
Dion et al., 2007), (3) highly enriched for H2A.Z and H3.3, and
(4) enriched inCTCF. Themechanistic relationships among these
distinct features of boundary elements remain to be established.
Finally, a recent intriguing observation connects the occur-
rence of cancer-related chromosome rearrangements with
active chromatin domains (Barski et al., 2007). The breakpoint
regions of chromosomes that determine the nature and the con-
sequences of the rearrangements contain methylation marks
typically present in transcriptionally active—‘‘open’’—chromatin
regions. More importantly, and possibly relevant to the action of
boundary elements, the breakpoint regions are associated with
H2A.Z and CTCF. This clinically important issue certainly needs
to be further elucidated.
Direct and/or Indirect Effects of H2A.Z Presence
on Chromatin Function
In principle, the effects of H2A.Z may be exerted either directly,
by influencing the intrinsic properties of H2A.Z-containing nucle-
osomes and/or chromatin fibers, or indirectly, by H2A.Z-specific
interactions with histone-modifying enzymes, chromatin remod-
elers, or other protein factors.
As we described above, the data on the stability of the H2A.Z-
containing nucleosomes are rather controversial. Additional dataucture 16, February 2008 ª2008 Elsevier Ltd All rights reserved 175
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nucleosome positioning. The data of Guillemette et al. (2005)
clearly indicate that H2A.Z-containing promoters are character-
ized by very orderly nucleosomes, well positioned on both sides
of TSS. In contrast, nucleosomes that populate promoters lack-
ing H2A.Z are significantly less well organized. The effect of
H2A.Z on nucleosome positioning was confirmed by studying
the GAL1 gene in wild-type and H2A.Z nulls (htz1D) (Guillemette
et al., 2005). One of the two nucleosomes in the promoter region
of the genewas shifted by20bp to adownstreamposition in the
mutant cells. Anopposite conclusionwas reachedbyWorkman’s
group, who examined the nucleosome pattern at four genomic
loci in wild-type and htz1D cells (Li et al., 2005). This difference
in results may be due to the different levels of sensitivity of the
methods used to measure positioning in the two studies.
In a broad study, Li et al. (2005) examined the effect of H2A.Z
on the activities of several histone-modification enzymes on re-
constituted nucleosomal arrays. Reduction in the methylation
activity of Set2 (H3K36 methylase) and Dot1 (H3K79 methylase)
was observed. The histone-acetylation activity of NuA4 was also
negatively affected by the presence of H2A.Z, whereas there
was very little effect on SAGA acetyltransferase activity. H2A.Z
also modestly affected the tested chromatin remodelers (Chd1,
Isw1, Swi/Snf, and Rsc). The data have been interpreted as
showing that H2A.Z-containing nucleosomes are relatively im-
mobile and refractory to remodeling; these interpretations may
be at oddswith some biophysical (e.g., Flaus et al., 2004) and ge-
nome-wide studies (e.g., Albert et al., 2007), seemingly indicat-
ing a more mobile nature of H2A.Z-containing nucleosomes.
Finally, H2A.Z may be instrumental in recruiting Pol II and TBP
to promoter regions. Thus, Adam et al. (2001) demonstrated that
the absence of H2A.Z in yeast negatively affected the recruit-
Figure 5. A Model of H2A.Z Involvement in
Transcription
The model is based on H2A.Z-relevant data re-
viewed here and, for simplicity, omits steps such
as activator and coactivator binding, chromatin
remodeling, introduction and removal of histone
modifications, etc. The sequence of these events
is not exactly understood, and it may vary in differ-
ent gene systems. It is uncertain when the H2A.Z
nucleosomes acquire their specific histone-modi-
fication patterns. The assertion that the proximal
H2A.Z-containing nucleosome is evicted by the
transcription process itself comes from convinc-
ing data of Zanton and Pugh (2006). The fate of
the other H2A.Z nucleosome remains unclear.
Although an alternative scenario is also pre-
sented—that the H2A.Z-nucleosome disruption
precedes preinitiation complex assembly (see Li
et al., 2007)—we are unaware of any experimental
data directly supporting this scenario.
ment of the transcriptional machinery to
the GAL1 promoter. Direct interaction
between Pol II and the C-terminal tail of
H2A.Z may be responsible for the recruit-
ment (Adam et al., 2001). H2A.Z may also
participate in bringing coactivators, chro-
matin remodelers, and histone-modifi-
cation enzymes to promoters: indeed,
htz1D cells show impaired recruitment of Mediator, Swi/Snf,
and SAGA to the UAS in the GAL1 promoter (L. Gaudreau, per-
sonal communication). H2A.Z may also play a role in transcrip-
tion elongation, as suggested by the observation that H2A.Z
interacts genetically with elongation factor TFIIS in yeast (Krogan
et al., 2003).
Figure 5 present a model of H2A.Z involvement in trans-
cription. The model is based on the GWLA data presented
throughout this review. As mentioned in the figure legend,
most of the ‘‘details’’ of this model warrant further experimental
investigation.
Concluding Remarks
The results presented above are, at best, correlations, albeit very
strong ones. But what is the molecular mechanism behind the
phenomenology? The search for an answer to this question
should focus, in our view, on three major issues: (1) further
biophysical characterization of H2A.Z-containing nucleosome
particles, (2) the effects of H2A.Z substitution on chromatin-fiber
structure and dynamics, and (3) protein partners that may be
instrumental in the deposition and removal of H2A.Z or in recruit-
ing other factors to H2A.Z-containing nucleosomes (histone-
modifying enzymes, chromatin remodelers, and possibly others).
These protein factors should regulate, in response to external
and internal stimuli and in accordance with the needs of the
cell, the function of this enigmatic histone variant. We have
made significant strides, but we are still very far from a deep un-
derstanding of the role of H2A.Z in the life of eukaryotic cells.
Supplemental Data
Supplemental Data include the description of the GWLAmethodology and lists
various strategies for the analysis of genome-wide H2A.Z locations and are
available at http://www.structure.org/cgi/content/full/16/2/166/DC1/.
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